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Mesangial cells from diabetic NOD mice constitutively express
increased density of atrial natriuretic peptide C receptors
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Mesangial cells from diabetic NOD mice constitutively express lation of renal functions and, particularly, of glomerular
increased density of atrial natriuretic peptide C receptors. filtration rate [1]. The glomerulus is a target for NPs and
Background. Experimental evidence shows that natriuretic possesses the three subtypes of NP receptors: the NP-Apeptides (NPs) play a pathophysiological role in the glomerular
receptor (NPR-A), which contains a guanylate cyclasehemodynamic abnormalities that occur in diabetes mellitus.
domain and exhibits a high affinity for atrial NP (ANP)Methods. In this study, the cGMP response to NPs and the
different subtypes of NP receptors were examined in mesangial and brain NP (BNP), the NP-B receptor (NPR-B), also
cells derived from a genetic model of diabetes, the nonobese with a guanylate cyclase domain that is specific of C-type
diabetic (NOD) mouse. Multiple mesangial cell lines were de- NP (CNP), and the NP-C receptor (NPR-C) with similarrived from diabetic (D-NOD) and nondiabetic (ND-NOD)
affinities for all NPs, which behaves essentially as a clear-adult mice and were studied at different passages.
ance receptor. It internalizes NPs, which results in theirResults. cGMP accumulation after stimulation by atrial NP
(ANP) or C-type NP (CNP) was markedly inhibited in D-NOD removal from the circulation [2]. NPR-C is not coupled
cells irrespective of the glucose concentration (6 or 20 mm) in to guanylate cyclase. Its cytoplasmic domain is short,
the culture medium. In contrast, NP receptor density measured including less than 40 residues, making unlikely its rolefrom [125I]-ANP saturation binding curves was 7.5 times greater
in signal transduction. However, binding to this receptorin D-NOD than in ND-NOD cells. No change in KD (200 pm
in various preparations has been proposed to result inin both cell lines) was observed. Competitive inhibition studies
showed that 4-23 C-ANP, which is specific of clearance recep- the propagation of intracellular signals, including the
tors (NPR-C), displaced 90% of the maximum fraction bound, decrease of cAMP or the increase of inositol phosphates
suggesting the predominance of NPR-C in both cell lines. Fur-
(IPs) that are associated with biological effects [3, 4].ther identification was obtained from RNase protection assay
NPR-C density is under a physiological control involvingand reverse transcription-polymerase chain reaction, which
also demonstrated the higher expression of NPR-C mRNA in NPs themselves [5], other peptides such as angiotensin
D-NOD cells. In contrast, NPR-A mRNA was not modified. II [6], cytokines [7], and glucocorticoids [8]. The NPR-C
Increased expression of NPR-C in D-NOD cells was associated density could influence NPR-A and NPR-B activity be-with an increase of ANP internalization rate at 378C, indicating
cause of competition of the NPs between the biologicalthat these receptors were functional.
and the clearance receptors or to unknown intracellularConclusions. These studies demonstrate that the constitu-
tive overexpression of NPR-C in D-NOD mesangial cells is mechanisms following ligand occupancy of NPR-C.
associated with a decreased response of cGMP to ANP or CNP Attenuated renal responses to ANP consisting of
treatment. This could be due to the lesser availability of the
blunted natriuresis and diuresis have been reported inpeptides for binding to NPR-A or NPR-B or to an inhibitory
streptozotocin-induced diabetic rats [9]. In agreementeffect on NP-dependent guanylate cyclase activity via the acti-
vation of NPR-C. with these results, Sechi et al observed that cGMP accu-
mulation in response to ANP was significantly less in
glomeruli from hyperglycemic diabetic rats than in con-
There is a large body of evidence to support important trols. This effect was associated with a decreased number
roles for the natriuretic peptide (NP) system in the regu- of ANP binding sites in the glomeruli and inner medulla
of diabetic rats [10]. In spite of these results, glomerular
hyperfiltration, characteristic of the early phase of diabe-Key words: diabetes mellitus, natriuretic peptide, hemodynamics, glo-
merular filtration rate, IDDM, glomerulosclerosis. tes mellitus, seems to depend on ANP, as it is prevented
by an ANP receptor antagonist [11]. Nonobese diabeticReceived for publication June 29, 1998
(NOD) mice represent one of the best models of insulin-and in revised form November 19, 1998
Accepted for publication November 19, 1998 dependent human diabetes because the disease is due
to an autoimmune insulitis of genetic origin, requires 1999 by the International Society of Nephrology
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insulin therapy, and exhibits a propensity to be associ- ing concentrations of ANP or CNP during five minutes
at 378C. At the end of the incubation period, the mediumated with glomerulosclerosis [12]. However, diabetes
mellitus does not occur in all mice, even if they are bred was collected and put aside. Then cell cGMP was ex-
tracted with ethanol-formic acid (5:95, vol/vol). After aidentically. If approximately 92% of the females become
diabetic at 8 to 12 weeks of age, only 60% of the male 30-minute extraction, the supernatant was collected and
pooled with the medium. The pH of the resulting solutionmice develop diabetes [13], suggesting genetic differ-
ences between nondiabetic and diabetic mice of the same was adjusted to 6. To increase assay sensitivity, standards
and samples were acetylated using triethylamine andstrain. Therefore, comparison between cells cultured
from these two groups of mice should allow the role of acetic anhydride (2:1, vol/vol). Results are expressed as
picomoles cGMP per mg of cell protein. The amount ofdiabetes in phenotypic changes to be better analyzed.
Accordingly, we thought it would be of interest to exam- protein per well was measured by the Bradford’s method
using bovine serum albumin (BSA) as the standard [16].ine the molecular events related to the modified re-
sponses to ANP in the diabetic kidney. We found that
Binding studiescGMP production in mesangial cells from diabetic mice
was attenuated after stimulation with ANP. This was Binding studies were performed in Hank’s solution
supplemented with 10 mm N-2-hydroxyethylpiperazine-associated with the constitutive overexpression of NPR-C
mRNA and protein, suggesting a causality link between N9-2-ethanesulfonic acid (HEPES), pH 7.4, containing
the following protease inhibitors: bacitracine, 2 mg/ml;both events.
aprotinin, 0.1 mm; leupeptin, 1 mm; pepstatin A, 0.1 mm;
thiorphan, 10 mm; phenylmethylsulfonyl fluoride (PMSF)
METHODS
1 mm; ethylenediaminetetraacetate (EDTA), 1 mm; and
Isolation and propagation of mesangial cell lines BSA, 1 mg/ml. Binding experiments were performed in
the presence of [125I]-ANP as the ligand at 48C duringGlomeruli were isolated by microdissection from kid-
neys of two- to four-month-old female diabetic (D-NOD) four hours. At the end of the incubation period, the
medium was discarded, and cells were washed threeand nondiabetic (ND-NOD) mice. D-NOD mice had gly-
cosuria for four to eight weeks before death and received times with 1 ml of ice-cold 0.16 m NaCl. Then cells were
solubilized in 1 m NaOH, and cell-associated radioactiv-insulin injections. ND-NOD mice were not diabetic at
the time of cell isolation, as proven by a normal glucose ity was counted in a g counter. Binding experiments were
performed either by saturation analysis with increasingtolerance test, and were sacrificed at the same age. Mesan-
gial cells were isolated and grown as previously described concentrations (20 to 500 pm) of [125I]-ANP or in other
studies with a fixed (50 pm) concentration of [125I]-ANP.[14]. Each line of ND-NOD and D-NOD cells was derived
from separate pools of kidneys. Cells were maintained In competitive binding experiments, increasing concen-
trations of ANP or 4-23 C-ANP were added from 10 pmin dishes precoated with fibronectin in defined medium,
B medium (basal medium):Dulbecco’s modified Eagle’s to 1 mm. Nonspecific binding was determined in the pres-
ence of 1 mm unlabeled ANP and was lower than 10%.medium-HAM’S F12 (DMEM-Ham’s F12; 1:2 vol/vol)
supplemented with 20 mm N-2-hydroxyethylpiperazine- Specific binding was calculated as the difference between
total and nonspecific binding. Results of the saturation-N9-2-ethanesulfonic acid, 20% fetal calf serum, 2 mm glu-
tamine, and containing 6 mm glucose. Cells were main- binding experiments were analyzed by Scatchard’s trans-
formation of the data using the Ligand software programtained in a 95% O2/5% CO2 atmosphere. Initial studies
were performed using two cell lines (D-NOD and ND- [17]. This allowed the apparent dissociation constant
(KD) and the number of sites (Bmax) to be calculated.NOD) between passages 15 to 35. To confirm the results
obtained, supplementary experiments were performed In some experiments, internalization of [125I]-ANP was
studied. Cells were incubated in the presence of 50 pmusing three cell lines of D-NOD mesangial cells and four
cell lines of ND-NOD mesangial cells at early passages of [125I]-ANP at 378C for increasing periods of time (10
to 20 min). At each time, specific binding was measured[2–4]. Each of these cell lines was developed from the
kidneys of two mice. Cells were cultured in 12-well plates as previously described. In parallel, after incubation at
378C under identical conditions, cells were treated by anfor four days and were studied at confluence. They were
incubated in B medium without serum for 24 hours be- acidic glycine buffer, pH 3 (50 mm glycine), during 15
minutes and washed. The residual [125I]-ANP binding wasfore the experiment was started. Experiments were also
performed with cells cultured under identical conditions, then measured. Results were expressed as femtomoles of
[125I]-ANP bound per milligram of protein.except that for glucose concentration, which was 20 mm.
To verify that the two lines of ND-NOD and D-NOD
cGMP determination mesangial cells exhibited the same phenotypic character-
istics as those previously described [14], we measuredcGMP was measured by radioimmunoassay as pre-
viously described [15]. Cells were incubated with increas- [125I]-IGF-1 binding under identical conditions. The amount
Ardaillou et al: ANP C receptors in NOD mouse mesangial cells 1295
of [125I]-IGF-1 bound was studied as a function of the comparison of their relative expression. The expected
concentration of this radioiodinated ligand in the medium. sizes of the products were 409 bp for NPR-A and 350
bp for NPR-C. Amplification was carried out by 30 cycles
Preparation of complementary RNA probes of denaturation (948C, one min), annealing (608C, one
An ANPR-C probe was prepared from NOD cells min), and extension (728C, 3 min) using a DNA ther-
by reverse transcription-polymerase chain reaction (RT- mocycler. The PCR products were studied by electro-
PCR) using the following primers: upstream CAAGCAT phoresis in a 1.5% agarose gel with 1/10,000 ethidium
ACTCGTCCCTCCAAACA, downstream CTCTTGG bromide. The bands were scanned using an Imager appa-
GTGCCTGCTTCAGTGTC, according to the published ratus (Imager Appligene, Pleasanton, CA, USA).
sequence [18]. The length of the expected fragment was
Other techniques350 bp. An actin probe was also prepared by RT-PCR
using the following primers: upstream CAAGGTGTG Inositol phosphates were measured after incubation
ATGGTGGGAAT, downstream GTCATCTTTTCA of NOD cells with myo-[3H]-inositol as previously de-
CGGTTGGC [19]. This corresponded to an expected scribed [22]. Intracellular ionized calcium ([Ca21]i) was
fragment of 220 bp. PCR products were purified using determined using trypsinized cells preincubated with
the Quiaquick PCR purification kit and sequenced. Ten Fura 2/AM according to Taniguchi, Marchetti and Morel
to 25 ng of PCR products were then ligated using the [23]. Fluorescence was monitored in a spectrofluoro-
Lign’scribe kit Ambion with T7 promoter, T4 DNA li- meter Quanta Master (Photon Technology Interna-
gase, and gene-specific primers. A second PCR was pre- tional, Santa Clara, CA, USA). cAMP was measured by
pared. Synthesis of an antisense complementary RNA radioimmunoassay as previously described [15].
probe was carried out using an in vitro transcription kit
(Ambion, Austin, TX, USA). Incubation of 50 ng of Statistics
probe with T7 RNA polymerase and [a32P]-UTP (30 All of the experiments with ND-NOD and D-NOD
TBq/mmol, 1.85 MBq for ANPR-C and 0.92 MBq plus cells were done in parallel on the same day with identical
6.25 mm unlabeled UTP for actin) was performed for protein contents and at the same passage. Results are
one hour at 378C. Probes were then purified with the expressed as the mean 6 sem. Statistical comparison of
Nuc Trap Probe purification columns (Stratagene, La means was performed using Student’s t-test for unpaired
Jolla, CA, USA). values or two-way analysis of variance.
Ribonuclease protection assay
Materials
Five to 20 mg of RNA from ND-NOD and D-NOD
Materials were from the following sources: rat ANPcells were hybridized with 2 3 105 cpm NPR-C and 1 3
(1-28), CNP (1-22), and 4-23 C ANP from Peninsula105 cpm actin probes using a ribonuclease assay kit (Am-
Laboratories (Belmont, CA, USA); (3 [125I]-iodotyro-bion). The mixture was incubated at 508C during 16
syl28) atrial NP (rat, 74 Tbq/mmol), ([125I]-iodotyrosyl3)-hours. Nonannealing nucleic acid was digested with
insulin like growth factor-1 (IGF-1; 74 TBq/mmol),RNase A/T1. The protected fragment was electropho-
[a-32P] UTP (30 TBq/mmol), [125I]-cGMP (74 Tbq/mmol),resed on 5% polyacrylamide gel containing 8 m urea at
[125I]-cAMP (74 Tbq/mmol), and myo-[3H] inositol (2.7300 V. Gels were exposed for 8 to 48 hours to a Fuji
TBq/mmol) from the Radiochemical Center (Amersham,X-ray film. Quantitation of the bands was performed
Little Chalfont, Buckinghamshire, UK); anti-cGMP anti-by densitometry (Imager Appligene, Pleasanton, CA,
body from Institut Pasteur (Paris, France); ribonucleaseUSA) using b-actin as control.
protection assay kit (Maxiscript), Lign’scribe kit from
Ambion; oligo-dT primers and random primers, dNTPsIdentification of natriuretic peptide receptor
transcripts by reverse transcription-polymerase (29 deoxynucleoside 59triphosphates), Taq DNA poly-
chain reaction merase from Promega (Madison, WI, USA); moloney
murine leukemia virus reverse transcriptase, oligonucleo-Total RNA from cultured NOD cells was prepared
tide primers specific for NPR-A, NPR-C, and actin fromusing Trizol reagent (GIBCO BRL, Grand Island, NY,
GIBCO Life Technologies (Cergy-Pontoise, France); NucUSA). The total RNA was then reverse transcribed to
Trap Probe purification columns from Stratagene; andfirst-strand cDNA as previously described [20]. Two
Quiaquick PCR purification kit from Quiagen S.A.pairs of primers specific for mouse NPR-A and NPR-C,
(Courteboeuf, France). The sequencing of PCR productsrespectively, were designed from the published sequences
was made by Euro Sequences Gene Service (Montigny le[21]. The primers for NPR-A were as follows: upstream,
Bretonneux, France). Cell culture media and cell cultureATTTGTGGGAGCTTGTACCG; and downstream,
supplies were from GIBCO Life Technologies. All otherGGCAATTTCCTGAAGGATGA. The two receptors
were amplified in the same tube in order to allow for reagents were from Sigma (St. Louis, MO, USA).
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RESULTS
Mesangial cells
Mesangial cells were identified by their stellate ap-
pearance and the presence of actin filaments. D-NOD
cells had a decreased binding of IGF-1 to surface recep-
tors as previously described [14]. The decrease was of
approximately 50% at all the concentrations of [125I]-
IGF-1 in the medium studied (10 to 250 pm, mean of
two experiments, data not shown). Several separately
derived lines of ND-NOD and D-NOD mesangial cells
exhibited the same characteristics. These results indi-
cated that the phenotypic characteristics of the two cell
lines were identical to those previously described [14].
Cells cultured in the presence of 20 mm glucose had
similar characteristics as those cultured under regular
conditions.
cGMP production
cGMP accumulation in ND-NOD and D-NOD cells
was assessed at 378C after five minutes of incubation
with increasing concentrations of ANP or CNP (Fig. 1).
Extracellular and cell-associated cGMP were pooled in
the same sample and measured. Basal values were close
in both cell lines: 0.23 6 0.09 and 0.37 6 0.16 pmol/mg
protein in D-NOD and ND-NOD cells, respectively.
ANP and CNP stimulated cGMP accumulation in the
two cell preparations in a dose-dependent manner. A
plateau was reached at 0.5 mm with both peptides. Of
note, the cGMP response was much more marked in
ND-NOD cells. This difference was significant from 10
nm and persisted up to 1 mm (P , 0.01) for both peptides.
The maximum difference was observed at 0.5 mm ANP
(10.25 6 1.6 vs. 45.3 6 9.4 pmol/mg in D-NOD and ND- Fig. 1. The cGMP response of nondiabetic nonobese diabetic (ND-
NOD) and diabetic nonobese diabetic (D-NOD) mice mesangial cellsNOD cells, respectively) or 0.5 mm CNP (6.95 6 0.97 vs.
to increasing concentrations of atrial natriuretic peptide (ANP; A) or29.55 6 6.91 pmol/mg in D-NOD and ND-NOD cells,
C-type natriuretic peptide (CNP; B). cGMP was measured after a five-respectively). To exclude a possible role of cyclic nucleo- minute incubation period at 378C. Cells were cultured during at least
tide phosphodiesterases in these findings, we performed two weeks before the experiment in medium containing 6 mm (d) or
20 mm (.) glucose. Data are means 6 se (five experiments with tripli-the same studies in the presence of an increased concen-
cates in each) are given.tration (1 mm instead of 0.1 mm) of isobutylmethylxan-
thine, a phosphodiesterase inhibitor. Similar results were
observed (data not shown). We also studied mesangial
cells cultured in the presence of 20 mm glucose. Basal Natriuretic peptide receptor density
cGMP concentrations and cGMP responses to ANP or
[125I]-ANP binding to the two lines of NOD cells wasCNP were similar to those observed with cells cultured
studied at 48C as a function of time (Fig. 2). There wasin normal glucose conditions. cGMP accumulation after
a tendency toward equilibrium after two to three hoursstimulation by 0.5 mm ANP was 8.05 6 1.00 and 34.5 6
of incubation. Nonspecific binding represented approxi-7.02 pmol/mg in D-NOD and ND-NOD mesangial cells,
mately 10% of total binding at equilibrium. Specific bind-respectively (P , 0.01). Similarly, cGMP accumulation
ing to D-NOD cells was higher than to ND-NOD cellsafter stimulation by 1 mm CNP was 11.2 6 1.2 and 25.2 6
at all the time points studied (P , 0.001). The maximum1.2 pmol/mg in D-NOD and ND-NOD mesangial cells,
difference was observed after a three-hour incubationrespectively (P , 0.01).
(83.0 6 7.5 and 21.3 6 4.5 fmol/mg for D-NOD andThe study of other NOD mesangial cell lines at earlier
N-NOD cells, respectively). Binding of [125I]-ANP at fourpassages provided similar results, which are shown on
hours as a function of its concentration followed a curvi-Table 1. There was consistently a lower cGMP response
linear ascending line and was a saturable process (Fig.to ANP in D-NOD cells than in ND-NOD cells at all
the concentrations of ANP used (P , 0.05). 3). Saturation was reached at 350 pm with the two cell
Ardaillou et al: ANP C receptors in NOD mouse mesangial cells 1297
Table 1. [125I]-ANP specific binding and cyclic GMP response to ANP in three to four mesangial cell lines of NOD mice
studied at early passages (3-4)
[125I]-ANP specific binding (fmol/mg) at Cyclic GMP response (pmol/mg) at three
two concentrations of ligand nm concentrations of ANP lm
Cell line studied 0.345 1.04 0.01 0.1 0.5
D-NOD
(3 individual cell lines) 854.5 6119 1289.76204 1.7 60.3 3.9 61.4 6.1 62.7
ND-NOD
(4 individual cell lines) 171.3 614.9 190.8 632.5 6.2 63.1 11.263.8 16.5 63.7
The results shown are means 6 se. They were analyzed using two-way analysis of variance. Significant differences between D-NOD and ND-NOD cell lines
(P , 0.01 and P , 0.05 for [125I]-ANP binding and cyclic GMP response, respectively) were observed.
were 300 and 200 pm for D-NOD and ND-NOD cells,
respectively. Of note, these values are of the same order
as the KD values obtained from the saturation binding
studies. IC50 with 4-23 C-ANP was approximately 10 nm
in both cell lines. The residual binding at 1 mm of unla-
beled peptide was greater with 4-23 C-ANP than with
ANP in the two preparations. Because both peptides
bind to NPR-C, whereas only ANP binds to guanylate
cyclase-linked ANP receptors, the differences observed
allow the respective fractions of clearance and biological
receptors to be roughly calculated. One can estimate
that the latter are the least abundant (approximately
10% in ND-NOD and D-NOD cells, respectively). The
remaining fraction (90%) corresponds to NPR-C, show-
ing their large predominance in both cell lines. Moreover,
Fig. 2. The time course of specific binding of [125I]-ANP to ND-NOD the supplementary [125I]-ANP binding sites observed in(.) and D-NOD (d) mesangial cells at 48C. Specific binding was mea-
D-NOD cells were almost exclusively NPR-C (more thansured during incubation with 50 pm [125I]-ANP. Data are means 6 se
(two experiments with triplicates in each). 90%).
The study of several supplementary NOD mesangial
cell lines at earlier passages indicated that [125I]-ANP
binding was consistently and significantly greater inlines. The Scatchard’s plot of the data was linear in both
D-NOD cells than in ND-NOD cells at the two concen-cases, which suggests the presence of one class of binding
trations of ligand used (P , 0.01; Table 1).sites. There was a marked difference in the amount of
[125I]-ANP bound at each concentration studied (P , Cell surface receptors and internalization of the ligand
0.001), the highest values being found with D-NOD cells.
To examine whether the increased NPR-C observedThe kinetic parameters of both curves showed that the
in D-NOD cells was functional and behaved as clearanceKD values were not different (195 6 74 and 201 6 104
receptors, we evaluated the amount of [125I]-ANP inter-pm for D-NOD and ND-NOD cells, respectively, N 5 6),
nalized at 378C in both cell lines. When cells were incu-whereas Bmax was much higher in D-NOD cells (894 6
bated with [125I]-ANP as a function of time, there was438 fmol/mg) than in ND-NOD cells (119 6 47 fmol/mg),
initially an increase of specific binding within the first 30which represents an average 7.5-fold increase. Saturation
minutes, followed by a decrease that reached a plateaubinding curves in the presence of 20 mm glucose were
from 60 to 120 minutes of incubation (Fig. 6). As insuperposable to those observed with 6 mm glucose. The
the other binding experiments, the amount of [125I]-ANPhighest binding in D-NOD cells persisted unchanged
bound was greater in D-NOD than in ND-NOD cells at(Fig. 4).
all the time points studied. The difference was maximumWhen NOD cells were incubated with 100 pm [125I]-
at 30 minutes (52.7 6 1.12 and 19.7 6 1.6 fmol/mg inANP for four hours at 48C in the presence of increasing
D-NOD and ND-NOD cells, respectively, P , 0.001).concentrations of unlabeled ANP or 4-23 C-ANP (10 pm
The cell-associated radioactivity corresponding to inter-to 1 mm), competitive inhibition of binding was observed
nalized [125I]-ANP was measured after acid washing. An(Fig. 5). ANP was a more potent competitor than 4-23
initial increase within the first 30 minutes was followedC-ANP in both cell lines. Concentrations of ANP corre-
sponding to 50% inhibition (IC50) of [125I]-ANP binding by a decrease within the following 30-minute period and
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Fig. 4. Saturation binding study of specific [125I]-ANP binding to ND-
NOD and D-NOD mesangial cells. Cultures were maintained during
at least two weeks in medium containing 6 mm (d) or 20 mm (.) glucose.
Means 6 se of two experiments with triplicates in each are given.
in ND-NOD cells. The multiplication factor observed
was 3.34 6 0.67 (N 5 3).
cDNA samples corresponding to total RNA from ND-
NOD and D-NOD cells were subjected to 30 PCR cycles
with two pairs of primers for NPR-C and NPR-A recep-
tors in the same tube. The two PCR products were of
the expected length, that is, 409 bp for NPR-A and 350
bp for NPR-C. The ratio of NPR-C over NPR-A cDNA
signal was 5.0 6 0.6 and 2.4 6 0.3 (N 5 3) in D-NOD
and ND-NOD cells, respectively, thus showing a relative
increase of NPR-C mRNA compared with NPR-A
mRNA in D-NOD (Fig. 8).
Fig. 3. Saturation binding study of specific [125I]-ANP binding to ND-
Other studiesNOD (.) and D-NOD (d) mesangial cells. (A) A representative curve
performed with triplicates for each point is shown. (B) Scatchard trans- Because it has been suggested that NPR-C activation
formation of the data is shown with the calculated values of KD 5 92.5 could be the first step of signal transduction involvingpm fmol/mg and Bmax 5 540 fmol/mg for D-NOD, and KD 5 89.2 pm
fmol/mg and Bmax 5 118 fmol/mg for ND-NOD. Five additional studies either inhibition of adenylate cyclase activity or stimula-
were performed. tion of phospholipase C [3, 4], we examined whether
4-23 C ANP modified cAMP accumulation, IP produc-
tion, and [Ca21]i in NOD cells. When NOD cells were
treated by 1 mm isoproterenol or 10 mm forskolin, athen by a plateau until the end of the study was observed.
marked increase in cAMP accumulation was observed.
As for the specific binding curves, the cell-associated
However, the addition of 1 mm 4-23 C ANP did not
[125I] radioactivity was permanently higher in D-NOD modify this effect. Similarly, 4-23 C ANP had no effect
cells with the maximum difference at 30 minutes (19.3 6 on the production of IPs and the stimulation of [Ca21]i0.6 and 7.0 6 0.8 fmol/mg for D-NOD and ND-NOD in NOD cells (data not shown). These results excluded
cells, respectively, P , 0.001). Approximately 35% of a role of NPR-C in the activation of these two pathways
the ligand was internalized at this time in both cell lines. in the preparations studied.
Natriuretic peptide C receptor gene expression
DISCUSSIONAs shown in Figure 7, NPR-C mRNA was detected
by RNase protection assay both in D-NOD and ND- This study demonstrates that NPR-C are constitutively
NOD cells. The protected fragment was of 351 bp as overexpressed in mesangial cells from D-NOD mice.
expected. The intensity of the band was proportional to This assumption is based on the following: (a) The den-
the amount of RNA. In all experiments, the ratio of sity of [125I]-ANP binding sites that were displaceable by
4-23 C ANP, a peptide specific of NPR-C, was muchNPR-C to b-actin mRNA was greater in D-NOD than
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Fig. 5. Competitive inhibition of [125I]-ANP binding to D-NOD (A) Fig. 6. Time course of binding of [125I]-ANP to ND-NOD (.) and
and ND-NOD (B) mesangial cells in the presence of increasing concen- D-NOD (d) mesangial cells at 378C. (A) Specific binding. (B) Cell-
trations of unlabeled ANP (d) or 4-23 C ANP (.). Means 6 se values associated radioactivity was determined after the acidic wash of the
(two experiments with triplicates in each) are given. The results are cells. Means 6 se (two experiments with triplicate in each) are given.
expressed as percentage of control.
cultured in the usual medium (6 mm glucose). The role
greater in D-NOD than in ND-NOD cells without any of other factors appearing in vivo in D-NOD mice has
change in binding affinity. (b) NPR-C mRNA expression not been investigated. The phenotypic changes were ob-
evaluated by the RNase protection assay was higher in served in several separately derived lines of mesangial
D-NOD cells. Moreover, its relative amount compared cells both at early and late passages. These phenotypic
with NPR-A mRNA was also higher in D-NOD as shown changes observed in D-NOD cells in comparison with
by RT-PCR. The supplementary NPR-C receptor sites their controls cultured under identical conditions are
found in this cell line were functional because the amount likely to be of genetic origin. Such a conclusion is also
of internalized ligand was increased. The mechanism for supported by the fact that Sechi et al reported in rats
this constitutive overexpression is an enhanced synthesis with streptozotocin-induced diabetes a decrease of glo-
or a diminished catabolism of NPR-C mRNA, as shown merular clearance receptors [10]. In accordance with
by the increased NPR-C mRNA signal. This phenotypic these results, Benigni et al showed by autoradiography
change appeared stable for multiple passages, as were a significant reduction in the number of renal cortical
the other changes previously described [14]. It could not NP receptors in hyperglycemic rats with the same model
be related to the glucose concentration because exposure of experimental diabetes [24]. Thus, the NPR-C over-
of D-NOD and ND-NOD mouse mesangial cells to 20 expression is a part of the general phenotypic change
observed in D-NOD cells and is not reproduced in ani-mm glucose did not change the results obtained with cells
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lation in response to ANP [26]. These results are similar
to ours. Also in favor of the up-regulation of NPR-C in
SHR was the augmented inhibition of adenylyl cyclase
in cardiovascular tissues from these rats. Indeed, NPR-C
may be coupled to the adenylcyclase/cAMP signal trans-
duction system through a Gi regulatory protein [27]. This
was not the case in our preparation. However, the greater
internalization of [125I]-ANP that we observed in D-NOD
mouse mesangial cells strongly suggested an increased
activity of NPR-C. No associated increase in the mRNA
of guanylate cyclase-linked NPR in D-NOD mesangial
cells could be demonstrated in this study. This finding
is in accordance with the decreased cGMP response to
ANP. Moreover, the increased binding sites of [125I]-
ANP observed in the D-NOD cell line consisted almost
exclusively of NPR-C. RT-PCR confirmed these conclu-Fig. 7. The NPR-C mRNA levels in ND-NOD and D-NOD mesangial
cells determined by RNase protection assay. A typical autoradiogram sions because the ratio of NPR-C over NPR-A cDNA
of polyacrylamide gel electrophoresis with samples of 5 to 20 mg of was markedly greater in D-NOD than in ND-NOD cells.RNA is shown. The ratio of NPR-C over actin mRNA was greater in
Our results differ in this regard from those reported inD-NOD than in ND-NOD cells with a multiplication factor of 3.3 6
0.7 (mean 6 se of three experiments). a genetic model of insulin-resistant diabetes, the obese
hyperglycemic rat whose aorta overexpressed NPR-A
without change in NPR-C [28].
Our study also demonstrated that the constitutive over-
expression of NPR-C in D-NOD mesangial cells is asso-
ciated with a decreased response of cGMP to ANP or
CNP treatment. Such an association was already re-
ported by Paul et al in rat glomerular mesangial cells
cultured in serum-free medium [7]. The effects of ANP
and CNP were examined because we suspected that in
mice such as in rats [29], both NPR-A and NPR-B were
present in the kidney. There was an up-regulation of
NPR-C and a decreased cGMP production when the
cells were exposed to ANP or CNP, the most likely
explanation being the decreased availability of these two
peptides due to their removal from the medium by the
Fig. 8. The peptide C receptor (PCR) products obtained after amplifi- excess of NPR-C. Alternatively, binding of ANP and CNPcation of ND-NOD and D-NOD cell cDNA. Amplification products
to NPR-C could result in an intracellular signal modulatingspecific for NPR-A and NPR-C were obtained. A DNA molecular
weight ladder is shown. The results of three experiments are shown. NPR-A or NPR-B activity. Besides the guanylate cyclase
sequence, the cytoplasmic domains of NPR-A and NPR-B
contain a protein kinase-like sequence that negatively
modulates the enzyme activity [30]. Protein kinase C acti-mals with different genetic backgrounds in response to
vation produces inhibition of ANP-dependent cGMP ac-hyperglycemia induced by streptozotocin.
cumulation [31, 32], whereas protein kinase A activationNPR-C synthesis has been shown to be changed in
results in the opposite [33]. In this study, we could notother genetic models such as stroke-prone spontaneously
demonstrate any effect of NPR-C stimulation by 4-23 Chypertensive rats (SHR). This was, in particular, de-
ANP on phospholipase C or adenylcyclase activity, whichtected in glomeruli by Martin et al, who observed a
tends to exclude mechanisms involving changes in pro-greater expression of NPR-C in SHR compared with
tein kinase C or protein kinase A activity. A linkage be-Wistar-Kyoto rats without significant differences in the
tween NPR-C and protein tyrosine or serine-threoninedensity of the other NPR subtypes [25]. Interestingly,
phosphatases that would influence the degree of phos-this characteristic of the SHR strain persisted in cultured
phorylation of NPR-A and NPR-B, as shown by Bottaricells. Nakamura et al using vascular smooth muscle cells
et al for the angiotensin II type 2 receptor, is also possiblefrom SHR that were studied after 6 to 10 passages re-
[34]. The inhibition by 4-23 C ANP of the okadaic acid-ported a higher NPR density associated with a substan-
tially lower maximal stimulation of cyclic GMP accumu- and the sodium vanadate-stimulated mitogen-activated
Ardaillou et al: ANP C receptors in NOD mouse mesangial cells 1301
in rat vascular smooth muscle cells. J Biol Chem 263:13199–13202,protein kinase activity reported in astrocytes is in favor
1988
of this hypothesis [35]. 7. Paul R, Wackym P, Budisavljevic M, Everett E, Norris J: Regu-
lation of atrial peptide receptors in mesangial cells by growthThe problem of whether the overexpression of NPR-C
factors. J Biol Chem 268:18205–18212, 1993in D-NOD represents a phenotypic characteristic of cul-
8. Ardaillou N, Blaise V, Placier S, Amestoy F, Ardaillou R:
tured cells or also exists in vivo has to be examined. In Dexamethasone upregulates ANP C-receptor protein in human
mesangial cells without affecting mRNA. Am J Physiol 270:F440–insulin-dependent streptozotocin-induced diabetes, glo-
F446, 1996merular receptors for ANP including NPR-C are down-
9. Patel KP, Zhang PL: Attenuated responses to atrial natriuretic
regulated [10, 24]. This is associated with a decreased factor in streptozotocin-induced diabetic rats. Can J Physiol Phar-
macol 68:425–430, 1990response of cGMP production to ANP in isolated glo-
10. Sechi LA, Valentin JP, Griffin CA, Lee E, Bartoli E, Hum-meruli [10] and also a blunted natriuresis and diuresis phreys MH, Schambelan M: Receptors for atrial natriuretic pep-
after ANP infusion [9]. In contrast, NPR-A and NPR-B tide are decreased in the kidney of rats with streptozotocin-induced
diabetes mellitus. J Clin Invest 95:2451–2457, 1995are up-regulated in freshly prepared tissues from obese
11. Sakamoto K, Kikkawa R, Haneda M, Shigeta Y: Preventionhyperglycemic rats [28]. In vivo conditions are quite dif- of glomerular hyperfiltration in rats with streptozotocin-induced
ferent from those in which mesangial cells are cultured diabetes by an atrial natriuretic peptide receptor antagonist. Diabe-
tologia 38:536–542, 1995in vitro, in particular because plasma ANP has been
12. Doi T, Hattori M, Agodoa LY, Sato T, Yoshida H, Striker LJ,
reported to be high in insulin-dependent experimental Striker GE: Glomerular lesions in nonobese diabetic mouse before
and after the onset of hyperglycemia. Lab Invest 63:204–212, 1990diabetes [36] and may cause a down-regulation [5]. The
13. Yang CW, Hattori M, Vlassara H, He CJ, Carome MA, Yamatomain advantage of the in vitro conditions is thus to allow
E, Elliot S, Striker GE, Striker LJ: Overexpression of trans-
NPR-C gene expression to be studied independently of forming growth factor-b1 mRNA is associated with upregulation
of glomerular tenascin and laminin gene expression in nonobesethe hormonal or metabolic environment of diabetes. Al-
diabetic mice. J Am Soc Nephrol 5:1610–1617, 1995though NPR-C expression is regulated in an opposite
14. Elliot SJ, Striker LJ, Hattori M, Yang CW, He CJ, Peten EP,
way in the experimental streptozotocin-induced diabetes Striker GE: Mesangial cells from diabetic NOD mice constitu-
tively secrete increased amounts of insulin-like growth factor-I.and the genetic diabetes of D-NOD mice, the biological
Endocrinology 133:1783–1788, 1993effect of ANP as judged from cGMP accumulation is 15. Ardaillou N, Placier S, Wahbe F, Ronco P, Ardaillou R: Re-
diminished in both cases. Such an effect would limit lease of cyclic nucleotides from the apical and basolateral poles of
cultured human glomerular epithelial cells. Exp Nephrol 1:253–260,the consequences of the high tissue expression and high
1993plasma levels of ANP in diabetes [36]. 16. Bradford MM: A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein
dye binding. Anal Biochem 72:248–251, 1976ACKNOWLEDGMENTS
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